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Apparent faster than light propagation from light sterile neutrinos 
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Recent data from the OPERA experiment seem to point to neutrinos propagating faster than 
light. One possible physics explanation for such a result is the existence of light sterile neutrinos 
which can propagate in a higher dimensional bulk and achieve apparent superluminal velocities 
when measured by an observer confined to the 4D brane of the standard model. Such a model has 
the advantage of easily being able to explain the non-observation of superluminal neutrinos from 
SN1987A. Here we discuss the phenomenological implications of such a model and show that it can 
provide an explanation for the observed faster than light propagation of neutrinos. 

PACS numbers: 



INTRODUCTION 

Recent data from the OPERA experiment seem to 
point to neutrinos propagating faster than light, with 
\v — c\/c ~ 2.5 x 10~ 5 This result is in concor- 

dance with the tentative detection of superluminal neu- 
trino propagation by the MINOS experiment While 
this is seemingly in conflict with special relativity in 4 di- 
mensions, a number of possible explanations for Lorentz 
violation exist in the literature [3|— ISj . 

Here, we propose that the faster than light propaga- 
tion of muon neutrinos is caused by mixing with light 
sterile neutrinos. In models with large extra dimensions, 
standard model particles are confined to a brane with 3 
spatial dimensions because of gauge charges. This is true 
also for the standard active neutrinos. However, a sterile 
neutrino is a gauge singlet in the standard model and 
can in principle freely propagate in the bulk. A number 
of models exist where bulk geodesies beginning and end- 
ing on the brane are shorter than the corresponding 4D 
geodesies traversed by particles on the brane and where 
bulk particles can therefore travel superluminally. 

In the next section, discuss heavy vs light sterile neu- 
trinos in the context of the new experimental results. In 
Section III we describe one particular brane world model 
which allows for superluminal motion of bulk particles. 
In Section IV we discuss the oscillation phenomenology 
in a simple 2-neutrino mixing scheme, involving only 
and a new sterile component. Finally, Section V contains 
our conclusions. 



LIGHT STERILE NEUTRINOS 

Since the constraints on Lorentz violation involving 
photons and electrons are very strong, we are search- 
ing for an effect of Lorentz violation effectively restricted 
to neutrinos. One of the simplest ways to achieve this 



goal, it is to introduce a sterile neutrino, and confine the 
Lorentz violation in this sector. 

The models proposed so far to explain the apparent su- 
perluminal signal propagation in MINOS and OPERA, 
has focussed on a heavy sterile neutrino with Lorentz- 
violating interactions and mixings with the active neutri- 
nos suppressed by mass of the heavy sterile neutrino. The 
most serious drawback of these models, it is that Lorentz 
invariance needs to be flavor-independent in order not to 
destroy the observed coherent oscillations between active 
neutrinos. In models with a heavy sterile neutrino with 
mass M much larger than the energy of the neutrinos, 
E v , the heavy sterile neutrino can be integrated out and 
affects all propagating active neutrinos which it mixes 
with. If the the effect on different neutrino spices is dif- 
ferent it will destroy the coherent oscillations. On the 
other hand if it is flavor independent, then one encoun- 
ters severe problems with loop induced Lorentz violations 
for electrons, from a loop with a W boson and an elec- 
tron neutrino, which contradicts the very tight bounds 
on the speed of propagation on electrons Q . 

Instead, one might therefore want to consider a model 
with a light sterile neutrino, which have the merit of pro- 
viding a possible explanation of observed short baseline 
neutrino anomalies (see e.g. 0), as well as a possible ex- 
planation for the observed excess relativistic energy den- 
sity in cosmology (see e.g. [Hj]). Unlike heavy steriles, a 
light sterile neutrino state cannot be integrated out. In 
the case of small sterile-active neutrino mixing, only a 
fraction of the observed neutrinos will have propagated 
as sterile neutrinos. In this case the Lorentz violation 
need not to be flavor independent, and one might alle- 
viate the problems with loop induced Lorentz violation 
in electrons, by making the sterile neutrino interacting 
only with muon neutrinos. This is a prediction which 
is testable by experiments such as MINOS or OPERA. 
However, even if Lorentz violation is restricted to the 
muon sector there are still potential problems with known 
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limits on the muon velocit y w hich is limited to be within 
approximately 1CP 11 of c [25[. The loop induced contri- 
bution to the muon velocity is expected to be of order 
10 -9 @, and even though the disagreement is far bet- 
ter than for the electron sector where the experimental 
bound is of order 10~ 15 it is potentially problematic. 

We note that the possibility of faster than light prop- 
agation of bulk sterile neutrinos was first discussed in 
12Hl4l|. albeit in a slightly different context. In these 
papers the idea was to induce a large effective mixing 
angle to the sterile sector in order to provide an addi- 
tional MSW-likc resonance with which to explain short 
baseline disappearance experiments. 

In the same way, we will see that the apparently very 
stringent bound from SN1987A is avoided. Since 
only a small fraction of the neutrinos actually travels as 
a sterile neutrino and therefore appears superluminal, it 
will not be observable from SN1987A. This means that 
the Lorentz violation does not need to have a strong en- 
ergy dependence, as otherwise needed in other models in 
order to avoid the SN1987A constraint 191 . 



STERILE NEUTRINO PROPAGATION 

The details for the Lorentz breaking in the sterile neu- 
trino sector is not so crucial to the present scenario, and 
in fact, contrary to other recent models, the model we 
are presenting is relatively insensitive to e.g. the energy 
dependence of the Lorentz violating terms, as mentioned 
above. 

But in order to have a more specific toy model, one 
may consider a general brane-world model, with metric 



ds 2 = -h(z)dt 2 + g(z)dx 2 + f(z)dz 2 



(1) 



where (t,x l ) are the 4 dimensions on the brane, and 
z is the transverse extra-dimension. It is assumed that 
the Standard Model of particle physics is confined on a 
brane while gravity propagates in the bulk, similarly to 
what happens in Randall-Sundrum scenarions (lil. 
But while those models has h(z) = g(z) and an SO(3, 1) 
symmetry, such that light propagates at the same speed 
in the planes parallel to the brane all along the extra- 
dimension, in models where this symmetry is absent, the 
speed of light in the planesparallel to the brane varies 
along the extra-dimension [5(. In such models gravity 
waves can take short cuts through the extra dimensions, 
and can appear to propagate faster than the speed of light 
from an effective four dimensional viewpoint. This was 
explored in models of so called "asymmetrically warped 
extra dimensions", with the SO (3,1) symmetry broken 
by a black hole in the bulk [(| . 

We will now further consider a scenario with sterile 
neutrinos, which does not carry gauge charges and there- 
fore, like gravity, docs not need to be confined to the 



brane unlike all other standard model fcrmions. Intu- 
itively, one can imagine that sterile neutrino geodesies 
are allowed to propagate in the bulk on geodesies, which 
can be shorter than the corresponding 4 dimensional 
geodesies traversed by photons and active neutrinos. In 
this case the sterile neutrino component would transverse 
a smaller total distance and arrive earlier, but the veloc- 
ity of neutrinos still obeys v/c(z) < 1 in the 4 + n dimen- 
sional bulk. However, in practice the extra dimension 
is typically small compared to the relevant wavelengths 
of sterile neutrinos, and the sterile neutrino wave func- 
tion will be smeared over the extra dimension. In the 
effective four dimensional description, Lorentz violation 
will appear as a modification of the effective propagation 
speed of the sterile netrinos, similarly to how the effective 
propagation of gravitons is modified. 

In the minimal version of the scenario, one would ex- 
pect the effective four dimensional propagation speed of 
the sterile neutrino to be the same of gravitational waves, 
and related just to the geometry of the bulk. In the 
model of 0, this is related to the brane location, the 
charge of the black hole in the bulk, and the cosmolog- 
ical constant in the bulk. In the toy model of with 
h(z) = f(z) = 1 and g(z) = exp(— 2bz), the correction to 
the speed of gravitational waves compared to that of light 
is Sc = bL/2 where L is the size of the extra dimension 
and b is the warp factor. 

In order to explain the MINOS and the OPERA result, 
one would need Sc > 10~ 5 for the sterile neutrinos, and, 
as mentioned, in the minimal version of this scenario, 
one would expect that gravitational waves experience the 
same effect. Therefore it is interesting to consider con- 
straints on the propagation of gravitational waves. Some 
of the strongest constraints comes from direct bounds 
from solar-system and binary-pulsar test, which requires 
Sc < 10~ 6 . The stronger constraints comes from requir- 
ing that ecliptic and solar equatorial planes do not pre- 
cess relative to each other throughout the history of the 
solar system [l8| (for a review, see [n| ) . But if one insist 
only on terrestrial bounds, or bounds from the gravita- 
tional radiation of binary pulsars, a weaker bound ap- 
plies Sc < 10 -3 . Finally one needs also to consider more 
model dependent constraints from gravitons in the loops 
of Standard Model particles • 

In a non-minimal model, one might relax some of these 
constraints by having non-gravitational charges for the 
sterile neutrino in the bulk. 



OSCILLATION PHENOMENOLOGY 
Production and detection of sterile states 

Production — In all current long baseline experiments 
such as K2K [2l[, MINOS [H and OPERA neutri- 



nos are produced from protons in a beam dump leading to 
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pion decay and the eventual production of and v e . The 
charged current production vertex for muon neutrinos 
contains a mixture of mass states, with the mainly ster- 
ile 777,4 component entering with a relative rate of sin 2 9 c q 
(i.e. the vertex amplitude is proportional to sin# e ff- 

Detection — The detector again uses charged current 
absorption (and subsequent charged lepton production) 
to measure the arrival of a neutrino. Neutrinos propa- 
gating in the luperluminal mass state 7714 have a finite 
probability for undergoing a charged current interaction, 
producing a final state muon. The relative rate is again 
given by sin 2 off . 

Propagation - After the initial production, the 
wavepackets corresponding to different mass states, prop- 
agate with different velocities, one of them superlumi- 
nally. In the simplest 2-neutrino mixing scheme where 
we have only v v and v s the oscillation length is approx- 
imately l osc ~ Ev/&m 2 . For a baseline of 730 km, and 
energy E v ~ 30 GeV any mass difference 8m 2 > 0.1 
cV 2 corresponds to many oscillations along the path from 
emission to detection and one should expect approximate 
decoherence of the m\ wavepacket from the other states. 
Current short baseline disappearance experiments show 
tentative evidence for the presence of sterile neutrinos in 
the eV range. It would perhaps be natural to look to the 
same source for an explanation of the apparent superlu- 
minal signal propagation seen in MINOS and OPERA. 

In this case, the sterile component contributes approx- 
imately sin 4 9 e & of the total number of events detected 
as muon neutrinos. Interestingly, the fraction of neutri- 
nos measured as having supcrluminal velocity is energy 
independent in the limit of I 3> l osc . This prediction is 
very different from other proposed explanations of the 
superluminal propagation. 



Constraints on e ff 

Current constraints on the mixing of low mass ster- 
ile neutrinos are relatively weak, with the effective 4/j 
mixing element being constrained to be less than ap- 
proximately sin 2 9 < 0.1 



0.2 (see e.g. [24]). With such 
a relatively small mixing angle the SN1987A bound on 
neutrino velocity does not apply because only at most 
a fraction sin 4 8 e ^ would travel in mass state 4, but be 
observed as v e . This would in practise mean less than 
1 event observed at some earlier epoch before the main 
supernova event which in practise would never pose a 
problem. First of all it would not dilute the actual sig- 
nal (which in any case could be lessened by a significant 
amount without being in serious conflict with current 
supernova models), second a small number of events oc- 
curring much earlier would not be attributable to the 
supernova event itself since the detection did not contain 
any directional information. 



HOW LARGE A FRACTION OF THE 
NEUTRINOS MUST TRAVEL 
SUPERLUMINALLY? 



While the analysis has been carried out using the as- 
sumption that all neutrinos travel at the same velocity 
one could in principle perform the same analysis, but 
with two different neutrino components. To achieve the 
same average value one would have to have the supcrlu- 
minal component travel at a somewhat higher velocity 



fo'obs = Sv s n s /N ~ Sv s sin 4 6, 



(2) 



such that for example for sin 9 = 0.2 one would find 
Sv s ~ 6 x 10 -4 which is potentially problematic. How- 
ever, a specific, quantitative analysis remains to be car- 
ried out. This indeed is probably the main caveat in this 
model: Too small a mixing angle makes the effect unob- 
servable whereas too large a mixing angle would lead to 
disagreement with muon neutrino disappearance bounds. 



DISCUSSION 

While the validity of the claim that neutrinos can 
travel faster than light remains to be verified by other ex- 
periments, we have shown that in the presence of sterile 
neutrinos and extra dimensions the result is not neces- 
sarily at odds with special relativity, and does not neces- 
sarily break Lorentz invariance at the fundamental level 
in the higher dimensional bulk (although it does break 
Lorentz invariance on the brane). 

Unlike models with Lorentz violation in a heavy ster- 
ile sector, the model presented here does not necessarily 
lead to explicit and observable Lorentz violation in all 
flavours. This also means that no strong energy depen- 
dence of the effect is needed to circumvent the SN1987A 
bound on neutrino propagation velocity, and in our model 
the generic prediction is indeed that the effect should be 
close to energy independent (in concordance with the MI- 
NOS and OPERA observations). 

It remains to be tested whether our model which pre- 
dicts that only a fraction of the observed muon neutrinos 
have propagated faster than light is compatible with a 
detailed analysis of the OPERA data. It should also be 
noted that the model presented here has another poten- 
tial problem which should be addressed in a more de- 
tailed analysis: The supcrluminal sterile neutrinos in- 
duce Lorentz violation in the muon at a level which is 
potentially in conflict with existing experimental data. 
Nevertheless, in spite of these potential problems, mod- 
els with light sterile bulk neutrinos certainly seem to be 
good candidates for an explanation of the extremely puz- 
zling observation of apparent faster than light neutrino 
propagation. 
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